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Introduction
Responsible management of mixed-stock fisheries requires the identification of the origin and the composition of the exploited resource (Crozier et al., 2004; Kalinowski, 2004; Koljonen et al., 2007) . ICES has described an Atlantic salmon (Salmo salar) population as a group of sexually out-breeding individuals which possess a common gene pool and further described Atlantic salmon stocks as units of size (encompassing one or more populations) which provides a practical basis for the fishery manager (ICES, 1996) . These definitions may be considered antiquated compared with more traditional definitions (Ricker, 1972; Booke, 1981; Ihssen et al., 1981) , so to avoid confusion when grouping a larger number of river stocks there has been a tendency to refer to them as stock complexes. This stock (stock complex) definition is independent of geographic scale and depends simply on the information available and the management question at hand. This distinction is significant for mixedstock fisheries because a disconnect often exists between the spatial level at which the composition of the catch is delineated and the spatial level at which managers wish to manage the fishery. This is of concern because exploitation impacts on smaller or less productive stocks can be substantial when a mixedstock fishery is managed according to an aggregated conservation objective (Chaput, 2004) or when threatened or endangered species require targeted conservation measures to achieve rebuilding goals (Banks, 2005) .
Atlantic salmon were first documented off the coast of Greenland in 1780 and were targeted by a small local inshore gillnet fishery (Jensen, 1990) . However, during the early-1960s, an international presence developed in the fishery; in 1965, vessels from Norway, Denmark, Sweden, and the Faroes arrived and introduced an offshore drift-gillnet fishery (Jensen, 1990) . Reported salmon landings increased from 60 t in 1960 to 2689 t in 1971. In 1976, the fishery was restricted to Greenlandic vessels, and reported landings subsequently declined and have remained at ,100 t since 1995 (Figure 1 ; ICES, 2005) .
In 2000, the fishery was regulated by a prior multiyear agreement which restricted the use of landings for internal subsistence consumption only (ICES, 2001 ). The internal subsistence fishery harvest has traditionally been estimated at 20 t, the catch intended solely for consumption within Greenland (i.e. no commercial export). In 2001, a commercial fishery allowing the sale of landings to commercial processing plants for export was also permitted and regulated by an ad hoc fishery management plan with a maximum quota of 114 t (ICES, 2002) . In 2002 and 2003, the fishery was again restricted to internal subsistence consumption only (ICES, 2003 (ICES, , 2004 .
As well as reported landings (commercial plus internal consumption), there is a significant and consistent unreported catch associated with the fishery. This unreported catch has been estimated to be 10 t annually since 2000 by the Home Rule Government of Greenland (ICES, 2005) , and it is for home consumption only. Fishers conducting that fishery do not participate in the reporting process, and their landings are assumed to be harvested in the same spatial proportions as the reported landings.
The fishery primarily exploits non-mature one sea winter (1SW) Atlantic salmon (i.e. fish that migrated from their natal rivers in the spring prior and spent one winter at sea) in late summer and early autumn in the nearshore waters of Greenland (ICES, 2005) . Most of the fish harvested in this fishery would have otherwise returned to their natal river to spawn as two seawinter (2SW) fish (fish that have spent two winters at sea) the year following the fishery (Jensen, 1990; Chaput, 2004) .
Studies have determined that fish from nearly all Atlantic salmon-producing countries in the North Atlantic contribute in some part to the fishery (Jensen, 1990) , thereby forming a true international mixed-stock fishery. Given the involvement of salmon stocks of both North American and European origin, attention has been given to estimating the proportion that each continent contributes to the salmon harvest (Reddin and Friedland, 1999) . Assignments of continent of origin (COO) were first made using scale-pattern analysis starting in 1969 (Reddin and Friedland, 1999) , but were replaced by genetic analysis using 11 microsatellite loci in 2003 (King et al., 2001a; ICES, 2004) . Additional studies of the genetic structure of North American Atlantic salmon populations indicate that populations of US origin are genetically distinct and can be statistically differentiated from Canadian (CAN) populations (King et al., 2001a; National Research Council, 2002) . These data may be used to partition the West Greenland harvest of fish of North American origin to its finer sub-COO components.
Since 1982, the proportion of fish of North American origin contributing to the harvest has ranged from 40 to 90% (Figure 2 ), averaging 60% (ICES, 2005) . This information is used in a run reconstruction model developed for the ICES Working Group on North Atlantic Salmon by Rago et al. (1993) and modified by Chaput et al. (2005) to estimate the nonmaturing pre-fishery abundance of Atlantic salmon of North American origin available to the fishery at Greenland. The pre-fishery abundance estimates for Atlantic salmon of both North American and European origins are combined in a risk-analysis framework to estimate the probability of meeting conservation limits for contributing populations based on differing levels of harvest (ICES, 2005) . A precautionary approach is taken for formulating catch advice because there must be a 75% probability of meeting set conservation requirements at the selected harvest level (ICES, 2005) .
Harvest advice is based on the North American stock complex meeting aggregated conservation limits (spawner requirements) for four of its northern stock complexes (Labrador, Newfoundland, Quebec, and the Gulf of St Lawrence) and a predicted 10% increase in Scotia Fundy and US spawners compared with the mean 1992-1996 spawners (ICES, 2005) . The alternative Scotia Fundy/US criterion was developed because those regions have zero chance of meeting their conservation requirements based on current population abundance. It was estimated that in the absence of a fishery, the 2005 pre-fishery abundance of Atlantic salmon of North American origin would need to increase by a factor of 15 for the United States to meet its conservation limits, whereas only one-third of that increase would be needed to achieve the Scotia Fundy spawner requirements (ICES, 2005) . The US stock complex is clearly the lowest common denominator within this mixed-stock complex.
A strongly significant relationship exists between genetic and geographic distances for Atlantic salmon (King et al., 2001a) . Consequently, contemporary estimates of COO are considered absolute, whereas subcontinent contributions (i.e. country, region, or individual river) are not as certain. Traditionally, fine-scale population estimates could only be gained through large-scale, resource-intensive tagging operations. During the 1980s, the ICES Working Group on North Atlantic Salmon attempted to estimate the contribution of fish originating from the United States to this fishery using methods based on (i) the presence of external tags, (ii) the presence of internal coded wire tags, and (iii) the portion of 1-year-old hatchery smolts in the catch that were likely a product of US hatchery stocking (Jensen, 1990) . Data for these three methods were available as a result of the US hatchery smolt-stocking programme, large-scale US Figure 2 . Proportion of West Greenland Atlantic salmon harvest determined to have originated from North American and European origin (1982 -2004) . Estimates were unavailable in 1993 and 1994 owing to suspension of the fishery. Figure 1 . Historically reported harvest and quota for Atlantic salmon in Greenlandic home waters (1960 -2004) .
tagging (both external and internal) programmes, and a biological sampling programme that monitored the West Greenland fishery (Jensen, 1990) . Given the decreasing abundance of US stocks and the halting of large-scale tagging programmes by the United States, these efforts subsided.
Genetic techniques for Atlantic salmon have advanced such that fine-scale assignments to subcontinent groupings can now be conducted with varying degrees of accuracy (King et al., 2001a; Spidle et al., 2003) . We developed a probabilistic-based genetic assignment (PGA) model to partition a multistock resource into its contributing components and applied it to the landings data from the 2000-2003 West Greenland Atlantic salmon fisheries. The assignments of COO are considered 100% accurate (ICES, 2005) , and the North American component of the catch is partitioned to its country of origin (US or CAN). The uncertainty associated with finer-scale assignments is accounted for by incorporating estimated misclassification rates into the PGA. The US proportion of the catch is further partitioned to even finer scales of assignment based on adult return data. The uncertainty associated with these assignments is characterized by reporting the results as distributions generated via Monte Carlo resampling. This represents a first attempt at estimating the CAN contribution to the West Greenland salmon fishery while partitioning the entire US contribution to the fishery into its finer parts. We estimated the contribution of the endangered US populations (65 Federal Register 69469, 17 November 2000) to the fishery and compared the estimated spawner losses with escapement estimates for the same cohorts to evaluate the fishery impact on the populations. This approach can be generalized to partition the catch of any multistock fishery where genetic samples from known contributors can be (or have been) collected.
Methods

2000-2003 sampling programmes
A West Greenland Sampling Agreement is drafted annually, and member countries agree to provide support to obtain biological samples and data from the Atlantic salmon fishery in West Greenland (North Atlantic Salmon Conservation Organization, 2005) . These data are used in the stock assessments conducted by the ICES Working Group on North Atlantic Salmon. As it would be extremely expensive to obtain 100% spatial and temporal sampling coverage of the West Greenland fishery, attempts are made to place samplers in communities where large proportions of the fish are predicted to be landed to obtain biological samples from landed fish. The total number of salmon harvested in the West Greenland fishery was calculated based on the mean weight of fish sampled and the total weight of the catch in each NAFO Division. Mean weights for unsampled divisions were estimated in two ways. When an unsampled division was next to just one sampled division, the mean weight for the unsampled division was assumed to be equal to that of the sampled division. When an unsampled division was next to two sampled divisions, the mean weight for the unsampled division was calculated as the weighted average of the two sampled divisions. If the unsampled division was not next to any sampled divisions, the mean weight was assumed to be equal to the adjacent unsampled division. This same approach of treating samples from differing locations separately (Fabrizio, 2005) was used to construct the statistics on continent and sub-COO for the unsampled divisions. King et al. (2001a) provide a detailed description of tissue processing methodology, DNA extraction, PCR methodology, and statistical analysis for the likelihood-based assignment process. Each tissue sample (a small piece of flesh from the adipose fin) was submerged in 95% EToH post-collection. Genomic DNA was isolated from the tissue using PureGene # , a commercially available DNA extraction kit (Gentra Systems, Minneapolis, MN, USA; note that the use of a brand name does not indicate product endorsement by NOAA Fisheries Service). In all, 11 microsatellite loci were screened in all samples [Ssa14, Ssa289 (McConnell et al., 1995) , SSOSL25, SSOSL85, SSOSL311, SSOSL438 (Slettan et al., 1995 , 1996 ), Ssa85, Ssa171, Ssa197, Ssa202 (O'Reilly et al., 1996 , and SSLEEN82 (GenBank accession number U86706)]. Microsatellite analysis was performed via capillary electrophoresis on an Applied Biosystems PRISM 3100 Genetic Analyser. Fluorescent DNA fragments were analysed and genotype data generated using GENESCAN software (Applied Biosystems). GENOTYPER v. 2.0 (Applied Biosystems) DNA fragment analysis software was used to score, bin, and output allelic (and genotypic) designations for each individual.
Genetic processing
Using the program GeneClass, version 1.0.02 (16.II.1999) available at http://www.ensam.inra.fr/URLB, a tiered two-group hierarchical classification process was performed. A Bayesian approach to likelihood-based assignment was used to assign individual fish Assignments to subcontinent of origin of West Greenland Atlantic salmon to the continent in which the individual's genotype was most likely to be found (Cornuet et al., 1999) . This method assumes an equal prior probability density to the allelic frequencies of each locus for both continents of origin. Each individual in the North American group was then assigned the probability of the observed multilocus genotype fitting into each of the country distributions (US and CAN) of multilocus genotypes in the North American baseline dataset (Cornuet et al., 1999) . The probability of an individual fitting into the baseline dataset provides a measure of confidence that it truly belongs to a given population. The probability of belonging to a baseline dataset is related to the proportion of the distribution with criterion values worse than the unknown individual. An individual with a criterion value well outside the distribution of the baseline dataset will have a low probability of belonging to that population. However, the probabilities for belonging to each population (US or CAN) are not considered together (Cornuet et al., 1999) , so they do not sum to 1. Standardized probabilities [P(US)/(P(US)þP(CAN)) and P(CAN)/(P(US)þP(CAN))] were calculated for each individual for use in the PGA.
A three-group (Europe, CAN, and US) non-tiered classification process was also evaluated. Because of the high degree of genetic differentiation (0.22; King et al., 2001a) between the eastern and western Atlantic populations of Atlantic salmon, the resulting classification accuracies for the European, CAN, and US groups were similar to those obtained from the tiered two-group process for North American fish. The tiered two-group hierarchical approach was utilized in all subsequent analyses.
A baseline dataset of 4942 anadromous Atlantic salmon of North American and European origin was used as the known dataset. Of these, 4368 fish originated from North America, including 3647 from the United States. The composition of the baseline dataset is described by King et al. (2007 in his Table 5 .2 on p. 145), except that the US Maine resident populations (i.e. landlocked salmon populations from Sebago and Grand Lakes) were not included for the current effort.
US adult returns
Annual adult return data were compiled to estimate the total number of Atlantic salmon returning to US rivers (US Atlantic Salmon Assessment Committee, 2004) . Not all US Atlantic salmon rivers were monitored (e.g. with traps, weirs, or redd surveys), but all rivers of consequence were. Only 2SW fish from the traps and weirs were tabulated because .95% of the salmon harvested in West Greenland are 1SW fish destined to return to their natal rivers to spawn as 2SW (ICES, 2005) . A redd-to-adult linear regression was calculated, and Monte Carlo resampling was performed to generate a distribution of estimated adult returns (US Atlantic Salmon Assessment Committee, 2004) for the Gulf of Maine Distinct Population Segment (GOM DPS), a grouping of salmon originating from eight rivers that are protected as an endangered species (65 Federal Register 69469, 17 November 2000) . Post-submission of this manuscript for publication, the range for the GOM DPS was redefined and a new GOM DPS was listed as an endangered species (74 Federal Register 29344, 19 June 2009) . Reference to the GOM DPS within this manuscript refers to the range defined in 2000 (i.e. 65 Federal Register 69469, 17 November 2000 .
The estimated 2SW spawners were divided into five different US-origin population groups: Penobscot River, Connecticut River, Merrimack River, GOM DPS, and all other monitored US rivers (Androscoggin, Cocheco, Lamprey, Pawcatuck, Saco, St Croix, and Union) combined (Figure 4 ). Adult returns from all rivers except the GOM DPS represent documented returns. For the GOM DPS estimate, a Pert distribution was generated from the scaled redd-to-adult linear regression using the mean estimate, 90% confidence intervals, and a truncation of the minimum value (at 0). For each model simulation, a random draw was made from this distribution and the resulting GOM DPS estimate was used in concert with the other adult return totals to estimate the proportion of spawning 2SW adults in each group.
Model process
Execution of the PGA model consisted of seven generalized steps. An Excel# add-on program, @RISK#, was used to conduct Monte Carlo resampling for 10 000 iterations to generate summary output statistics. Iterations were conducted as listed below.
Step 1. Assignment of COO for sampled catch-All sampled individuals were allocated according to the COO genetic assignments at the division-specific level, as described above.
Step 2. Binomial COO assignment for the unsampled catchDivision-specific COO proportions were used to binomially assign the non-genetically sampled portion of the catch to COO.
Step 3. Binomial assignment to country of origin (North American origin only)-All sampled North American origin fish were binomially assigned to sub-COO (sub-COO, i.e. country) according to their genetic standardized probabilities, as described above.
Step 4. Sub-COO misclassification adjustment-The sub-COO assignments (US and CAN) for North American origin individuals only were adjusted by solving the following equations for US true and CAN true :
where US obs is the number of US-assigned individuals, CAN obs the number of CAN-assigned individuals, US true the number of true US-origin individuals, CAN true the number of true CAN-origin individuals, P(USjUS) the probability of correctly assigning a US individual to the US, P(CANjCAN) the probability of correctly assigning a CAN individual to CAN, P(USjCAN) the probability of misclassifying a US fish to CAN [1 2 P(USjUS)], and P(CANjUS) the probability of misclassifying a CAN fish to US [1 2 P(CANjCAN)].
The probabilities of correctly assigning a US-origin individual (0.8957) and a CAN individual (0.8821) were generated via the jackknife cross-validation procedures for the reference baseline dataset, as described in King et al. (2001a) .
Step 5. Binomial sub-COO assignment for unsampled catchThe corrected division-specific binomial sub-COO proportions were used to assign binomially the non-genetically sampled North American individuals to sub-COO.
Step 6. Multinomial assignment via adult returns-US-origin fish were assigned to subcountry groupings based on the proportions generated from the 2SW adult return data.
Step 7. Adjustment for natural mortality-The US assignments were pro-rated according to the estimates of natural mortality for the migration from West Greenland back to their natal rivers in the absence of a fishery. The natural mortality was estimated to be 0.03 per month (ICES, 2004) , and the travel time from West Greenland to the US natal rivers as 10 months. The survival rate for this period was estimated at 74% (e
20.03Â10
).
Sensitivity analyses
Sensitivity analyses were conducted to evaluate the PGA model performance and the dependence of results on the model assumptions. All sensitivity analyses were run with 2001 input data, and model performance was evaluated by comparing the harvest estimates at the levels of COO or sub-COO.
The first sensitivity analysis evaluated the stability of the model. The base 2001 model was run five times with identical input data. Deviations in the estimated US harvest would indicate that our model was unstable and that estimated catches should be viewed with caution.
The second analysis evaluated the effect of different approaches for estimating the mean weight in unsampled divisions. The base model assumed that mean weights in the unsampled divisions were related to the mean weights in the sampled division. Results from this scenario were compared with a scenario where the overall mean weight (all samples combined) was used for all Assignments to subcontinent of origin of West Greenland Atlantic salmon unsampled divisions. This comparison evaluated whether the base model's approach for estimating the mean weights in unsampled divisions improperly influenced the estimated US harvest.
The third analysis evaluated the effect of different methods for estimating the COO proportions for unsampled divisions. The base model assumed that COO proportions in the unsampled divisions were related to the COO proportions in the sampled divisions. Results from this scenario were compared with three other scenarios. First, the overall COO proportion (all samples combined) was used for all unsampled divisions; second, all fish landed in unsampled divisions were assigned to be 100% North American; and third, all individuals from unsampled divisions were assigned to be 100% European. This comparison evaluated whether the base model's approach for estimating the COO proportions in the unsampled divisions improperly influenced the estimated US harvest.
The fourth analysis evaluated the effects of different methodology for allocating the unreported catch among divisions. The base model assumes that unreported catch was distributed in the same proportions as the reported catch. Results from this scenario were compared with a scenario in which the unreported catch was allocated according to the population distribution of Greenland. Population data were obtained from Statistics Greenland, an independent institution financed by the Greenland Home Rule Government to collect, process, and publicize statistical material concerning social issues in Greenland 
Results
2000-2003 fishery and sampling programme
There were three components to the 2000-2003 West Greenland Atlantic salmon landings: (i) reported landings, (ii) adjusted landings, and (iii) unreported landings. Reported landings were provided by individual fishers and compiled by the Home Rule Government of Greenland (ICES, 2005) . In situations where the sampling teams sampled more salmon than were officially reported, the reported landings were adjusted to the total weight of the sampled fish to generate the adjusted landings (ICES, 2003 (ICES, , 2004  Table 1 ). In addition, the annual 10 t unreported catch was assumed to be harvested in the same proportions across divisions as the adjusted landings and was added to the adjusted landings to calculate the total landings by division per year. The total landings of Atlantic salmon during the 2000-2003 West Greenland fisheries ranged from 20 to 53 t (Table 2) . Most landings were made in Divisions 1D, 1E, and 1F (Figure 3) .
Sampling of the Greenland catch was adequate, both temporally and spatially, in all years (ICES, 2001 (ICES, , 2002 (ICES, , 2003 (ICES, , 2004 . In 2000, all samples were obtained from a private company, which received permission to purchase harvested fish to sell for local consumption. Lengths and weights were obtained from 491 fish. In all, 489 tissue samples were genotyped, representing 6.2% (by number) of the adjusted landings (8.8% for Division D, 5.1% for Division F). In 2001, samples came from commercial processing plants that purchased fish for export. Lengths and weights were obtained from 2896 fish landed in Divisions 1C, 1D, and 1F. Of these, 578 tissue samples were genotyped (4.3% of the adjusted landings), representing 2.8, 9.0, and 4.3%, respectively, of the adjusted catch for each of the three divisions. In 2002 and 2003, the non-commercial nature of the fishery resulted in fish being available for sale at local markets, restaurants, and hospitals, so fish were no longer funnelled through a centralized commercial processing plant and sampling was opportunis- 5893 (35.4% in 2001) . The 90% confidence intervals for these estimates of COO were relatively narrow because the COO genetic assignment procedures are considered to be 100% accurate (Table 4) .
Model estimates
The North American component of the total harvest was further assigned to a subcontinent level. The estimated CAN contribution ranged from a low of 4652 (98.7% in 2003) to a high of 10 402 (96.6% in 2001), and the US contribution from a low of 45 (0.9% in 2002) to a high of 364 (3.4% in 2001) . The 90% confidence intervals for these estimates were wider than the intervals for COO and were reflective of stochastic error associated with the ,100% classification accuracy at the sub-COO level (Table 4) .
The US contributions to the catch were assessed at finer scales (i.e. either river groupings or individual rivers). The Penobscot River accounted for the overwhelming majority of the US catches (68.8 -79.0%). No other US grouping contributed more than 12% in any year. In both 2000 and 2002, the lower bound of the 90% confidence interval for all US river groupings was zero, indicating the possibility that no US-origin fish were harvested during those years. In contrast, it appeared likely that in 2001, US-origin fish from each grouping were harvested (Table 5) . 
Reported landings were provided by the Home Rule Government of Greenland. When sampling teams observed more fish landed than were reported, the landings were adjusted. Where this discrepancy occurred (emboldened), reported landings were adjusted to the total weight of the sampled fish. The adjusted landings were used for the PGA modelling and by the ICES Working Group on North Atlantic Salmon for assessment purposes. Reported landing discrepancies were not identified in 2000 or 2001.
These fine-scale US estimates were adjusted for natural mortality to account for the return migration from West Greenland to natal rivers, assuming the lack of any fishery in West Greenland. These estimates demonstrated the population level effect that the 2000-2003 West Greenland fisheries had on the US salmon populations. As an example, the GOM DPS estimated contribution to the 2000-2003 West Greenland fisheries, adjusted for natural mortality experienced during the return migration, ranged from 3.0 to 46.7% of the subsequent adult returns of 2SW spawners in the year following the fishery (Table 6, Figure 5 ).
Sensitivity analyses
The performance of the PGA model was very stable over five model runs. The mean (+s.d.) estimated US contribution to the 2001 fishery for the five runs was 364.1 + 0.53. Similarly, the 90% confidence bounds were consistently estimated, with means of 92.4 and 709.2 and values of s.d. of 3.29 and 5.81, respectively. The 10 000 interactions used in the Monte Carlo resampling were sufficient to produce consistent results in the PGA model.
The PGA model assumed that information from unsampled divisions was related to information collected from adjacent Mean weights were calculated directly from data obtained by the international sampling teams. Regular text entries were calculated from sample data. Emboldened values are mean weights for unsampled divisions that were assumed to be equal to the mean weights from the adjacent divisions. Emboldened, italicized entries (Division 1E only) represent mean weights from unsampled divisions that were calculated via a weighted average of the two adjacent sampled divisions. The numbers of fish harvested were calculated via the mean weights and landings data. Assignment to COO was assumed to be 100% correct. Regular text entries were derived directly from the sample data. Emboldened entries represent percentages for unsampled divisions that were assumed to be equal to the adjacent divisions. Emboldened, italicized entries (Division 1E only) represent percentages from unsampled divisions that were calculated via a weighted average of the two adjacent sampled divisions.
sampled divisions (either directly or via a weighted average). Using an overall average weight to calculate the number of fish landed for the unsampled division did not appreciably alter the PGA harvest estimates of US fish. This alternative approach yielded an estimated 2001 catch of 368 US fish (90% confidence interval 90 -722 fish). The results were similar using the overall proportions for COO for the unsampled divisions, which yielded an estimate of 344 US-origin fish . Assuming that all the fish landed in the non-sampled divisions were of either North American or European origin yielded slightly different results. If Total catches assigned to US origin were further partitioned to subcountry of origin groupings (Penobscot River, Connecticut River, Merrimack River, GOM DPS, and all other US rivers combined). The estimates represent the mean value from the Monte Carlo resampling iterations. The annual spawner loss from the GOM DPS was derived by adjusting its assigned estimated harvest by the natural mortality (M ¼ 0.3 month 21 ) that would have occurred during the return migration in the absence of a fishery. The estimates of spawner loss were compared with their estimated cohort 2SW adult returns in the year following the fishery. The spawner loss and 2SW return estimates represented the mean value from the Monte Carlo resampling iterations.
all fish were assumed to be of North American origin, the estimate increased to 385 US fish (103 -748), whereas assuming all fish were of European origin, the estimate dropped to 312 US fish (81-609), as expected. These relatively slight differences in harvest estimates of US fish demonstrated that the sampling scheme was sufficient to produce reliable estimates of the catch.
If it was assumed that the 2001 unreported harvest was distributed according to population density rather than reported catch, then the estimated harvest of Atlantic salmon of North American origin would increase by 7.8% (838 fish) and that of fish of European origin would decrease by 11.5% (680 fish). Harvest estimates for both CAN-and US-origin salmon increased proportionally according to their contributions under the base model. Overall, the CAN estimate increased by 7.6% (786 fish) and the US estimate by 14.1% (51 fish, Figure 6 ). The estimated US subcontinent harvest increased proportionally across all groups, as expected. These results demonstrate the effect that the two assumptions on the distribution of the unreported catch can have on the partitioned harvest estimates.
Discussion
The management of any mixed-stock fishery requires information on the composition and status of the contributing stocks. Marine fisheries for Atlantic salmon, such as the West Greenland fishery, present unique challenges for managers. The stock complexes exposed to these fisheries comprise a collection of genetic populations that are the basic units responsible for the local character and abundance of Atlantic salmon. These are the units that need to be the focus of management because the various management challenges often vary among populations and population assemblages . The PGA provides a new approach for evaluating the composition of a mixed-stock fishery where a genetic baseline exists for the contributing populations. A Bayesian approach to likelihood-based assignment is used to partition the harvest to its COO and sub-COO (for North American fish only). Once at the level of sub-COO, the harvest can be partitioned among US rivers via the adult return data because of the lack of a robust baseline database and the limited natural genetic differentiation at this level. The results from the PGA provide US managers with a tool that allows them to evaluate the benefits provided by the harvest of salmon at West Greenland against the risk of this same harvest to US Atlantic salmon populations at the spatial level at which they desire to manage (Banks, 2005) .
A common approach for identifying source populations in mixed-stock fisheries has been through tagging and recapture programmes. However, genetic methods for identifying the origin of individuals holds several advantages over traditional tagging methods because all individuals are marked for life, and there are no associated tagging costs or catchability biases (Koljonen et al., 2005; Hansen et al., 2007) . The information present in multilocus genotype distributions can provide robust estimates of the proportional contribution of different populations to a mixedstock fishery (Pella and Masuda, 2001 ) and help to assign individuals to their population (Paetkau et al., 1995) , stock, or region of origin (King et al., 2001a, b) . The general methodology consists of the development of a genotyped baseline of known-origin samples collected from the populations that could contribute to a mixedstock fishery with which unknown-origin fish are compared. Two general approaches to identifying the constituent components of mixed-stock fisheries using multilocus genotypes are mixed-stock analysis (MSA) and individual assignment (IA).
MSA is used to estimate the proportion of each baseline population in a mixed sample of fish of unknown origin and to determine the probability of each individual belonging to each of the baseline stocks. It takes into account the genotypes of individual fish across multiple loci, the multilocus genotype distributions of the baseline samples, and the multilocus genotype distribution in the mixture sample. Mixture proportions in the fishery are then estimated using conditional maximum likelihood, unconditional maximum likelihood, or Bayesian methods that relate the genotypes in the mixture to the expected genotype frequencies in the baseline populations (Anderson et al., 2008) . MSA has been widely applied to a number of Pacific salmon management issues, including the regulation of many coastal Pacific salmon fisheries based on real-time MSA (Hansen et al., 2007; Koljonen et al., 2007) . To a lesser extent, MSA has also been used in support of Atlantic salmon management (Koljonen et al., 2005) .
IA is based on the estimates of the probability of encountering the multilocus genotype of an individual of unknown origin in many potential source populations (baseline populations), whose genotype composition has been determined by sampling. The individual is then assigned by likelihood either to the population in which its genotype is most frequent (e.g. the frequency method; Paetkau et al., 1995) or through the Bayesian approach used by Rannala and Mountain (1997) to detect the presence of immigrants by using multilocus genotypes. IA has a history of use for Atlantic salmon issues involving mixed-stock fisheries management (King et al., 2001a; Potvin and Bernatchez, 2001; ICES, 2005) , hatchery and commercial aquaculture broodstock management (Koljonen et al., 2007) , and fine-scale population structuring and management (Nielsen et al., 1997; Vasemägi et al., 2001; Spidle et al., 2003) .
When estimating the contribution of various stocks to a mixed-stock fishery, the MSA approach has the advantage of directly estimating the mixing proportions rather than rounding the estimated probabilities to whole numbers, as with the IA approach (Prager and Shertzer, 2005) . Additionally, MSA also has the advantage of being able to incorporate ancillary data into the assignment process to improve composition estimates (Reddin et al., 1990; Koljonen and McKinnell, 1996; Koljonen and Pella, 1997) . With both IA and MSA methods, the baseline sampling (sample size and number of loci surveyed; Kalinowski, 2004) is the most crucial step; however, the ability to discriminate is ultimately determined by the levels of genetic differentiation (e.g. F ST ) among the groups of interest (Hansen et al., 2007; Anderson et al., 2008) . Given that there is no direct method of assessing the performance of either MSA or IA, computer simulations need to be performed. However, the simulation methods currently in use are flawed in a manner that leads them to overestimate the expected accuracy consistently (Anderson et al., 2008) .
IA has been the method of choice for managers of Atlantic salmon owing to the need to identify the origin of individual fish sampled in the West Greenland fishery, for two reasons. Initially, researchers used the diagnostic nature of the high level of differentiation between North American and European salmon multilocus genotypes as a known assignment to validate their ability to determine the COO of fish based on scale morphology. Additionally, managers needed to utilize scale morphology to determine the number of years each North American salmon had spent at sea (e.g. 1SW or 2SW) for assessment purposes, given that clinical variation exists in this life-history trait (ICES, 2005) .
The PGA we present here can be classified as a modified IA approach. IAs to the level of COO are made with 100% accuracy, and assignments to sub-COO are determined via the probability of each North American fish belonging to either the CAN or US baseline groups, via a Bayesian approach (Rannala and Mountain, 1997; Cornuet et al., 1999) . Additionally, the ancillary adult return data are incorporated into the model in a probabilistic fashion outside the assignment process to avoid additional error associated with a second misclassification correction. Regardless, a comparison of MSA and PGA is warranted to evaluate the performance of the PGA approach against the more traditional mixed-stock fishery analysis processes. Simulations with actual baseline datasets and test samplings are necessary to assess the expected reliability of the estimates generated (Koljonen et al., 2007) . The Catch Method estimates assumed that the unreported catch was distributed across NAFO Divisions in the same proportion as the reported catch. The Population Method estimates assumed that the unreported catch was distributed across NAFO Divisions in the same proportion as the population distribution in Greenland. The box defines the 25th, 50th, and 75th percentiles, and the whiskers represent the 5th and 95th percentiles.
The PGA-generated estimates of COO for the 2000-2003 West Greenland fisheries were comparable with those reported previously (Table 4 ). The contemporary North American contribution to the West Greenland fishery has also been provided to the level of country of origin (Table 4) . As previously assumed (Reddin and Friedland, 1999; ICES, 2001) , CAN-origin salmon dominated the North American contribution. This was expected considering the relative sizes of the CAN and US salmon populations. Since 1971, US 2SW spawners have constituted 3% of the total North American 2SW spawners annually (ICES, 2005) , a level of contribution that does not eliminate the concerns related to exploitation of the smaller or weaker-performing stocks (Chaput, 2004 , Brodziak, 2005 . Although US fish represented a minor component of the North American stock complex, the status of the US stocks is one of the primary driving mechanisms for regulating the West Greenland harvest. In recent years, even zero levels of harvest have resulted in a low chance (0% in 2005) of realizing a 10% increase in returns for United States and Scotia Fundy salmon populations (ICES, 2003 (ICES, , 2004 (ICES, , 2005 . Jensen (1990) presented estimates of the US contribution to the West Greenland Atlantic salmon fishery based on three different methods used by the ICES Working Group on North Atlantic Salmon: external tags (1980-1987), internal tags (1987) , and smolt age (1987). The three methods produced different estimates, with the external-tag-based method estimating 1.96 US-origin fish per tonne of harvest. Jensen (1990) noted the biases caused by overestimating rates of tag reporting and suggested that the estimates derived from internal tags and smolt age may be more robust. In addition, the external tag method only estimates the contribution of salmon from Maine rivers to the harvest, which is only a proportion of the US total, though a high one (US Atlantic Salmon Assessment Committee, 2004). The PGA estimates were of similar magnitude to the estimates provided by Jensen (1990) , and the confidence intervals encapsulated all the prior estimates (mean 3.37 t -1 ; Figure 7 ). Given the presence of the genetic baseline for these populations, the fact that all fish are genetically marked for life with no associated tagging costs (Hansen et al., 2007) and that large-scale tagging operations are resource-intensive and may have inherent biases related to the assumptions of the rate of tag reporting, the PGA method seems to be the most appropriate for estimating a US contribution to the Greenland harvest.
US-origin salmon averaged 1% (0.4-2.2% by number) of the total Greenland harvest during the years 2000-2003. Considering that interannual variability may cause variations in stock composition, the US contribution appears to have remained relatively constant over the course of the fishery. This is somewhat surprising given that Atlantic salmon populations across the North Atlantic have experienced similar declines in abundance, though at differing rates (ICES, 2005; Webb et al., 2007) . However, given the low contribution of US-origin fish to the West Greenland stock complex, the ranges of confidence intervals for the US harvest estimates, the biases inherent in the external tags estimates, the higher internal tag and smolt age estimates (Figure 7) , and the lack of detailed knowledge of migration patterns and contributions of the various stock complexes to the fishery, the PGA estimates are plausible in the light of these changes in stock abundance over time.
The PGA model assumed that within each division, the total catch was of similar composition to that of the sampled catch. Except 2001, the Greenlandic salmon fishery was for internal subsistence consumption only and was focused within isolated communities along thousands of kilometres of coast over the span of 2þ months. As such, it was difficult for the sampling programme to obtain complete spatial and temporal coverage, although the sampling was targeted at those communities that harvested the greatest quantities of salmon at the times when the harvest was anticipated. By increasing the proportion of fish sampled, more reliance on the assumption that the total catch was similar in composition to the sampled catch could be made. Sampling a large proportion of the fish also allowed for the additional benefit of identifying non-reported landings (Table 1) . Accurate harvest data are an essential component of the estimation of pre-fishery abundance and management of the resource.
Evidence of non-random sampling was not detected and the sampled catch was believed to be representative of the harvest. Decreasing catches and the concentration of landings in larger communities have allowed the sampling programme to sample an increasing percentage of the harvest in the past few years, so placing less reliance on the assumption that the total catch was of similar composition to the sampled catch within a division (Koljonen et al., 2007) .
A second assumption was that the biological and genetic characteristics determined from sampled divisions were similar to the unsampled divisions. This assumption appeared appropriate given the apparent spatial trends identified with mean weight data and the increase in European contributions to the catch in a north-to-south direction (Tables 2 and 3 ). This may be reflective of the continent-specific migration dynamics for the two stock complexes as well as the temporal trends in the fishery. By deploying sampling teams to the divisions at times when most of the landings were made, the effect of this potential bias was minimized. The sensitivity analyses indicated that the harvest estimates varied little according to the different schemes tested, so using data from adjacent divisions was appropriate. . Estimated number of US-origin fish contributing to each tonne of Atlantic salmon harvested in the Greenland fishery. Earlier estimates were reported by Jensen (1990) , and estimates from 2000 to 2003 were PGA-derived and displayed with their corresponding 90% confidence intervals. The Carlin tag method (external tag) estimated the Maine contribution only, whereas the CWT (internal tag), proportional harvest (smolt age), and PGA methods estimated the total US contribution.
To evaluate more accurately the impact of the West Greenland fishery on the North Atlantic stock complex, the PGA incorporated estimates of unreported landings provided by the Home Rule Government of Greenland. These landings, some 10 t annually (ICES, 2005) , represent 19 -50% of the total harvest (2000) (2001) (2002) (2003) . A third major assumption within the PGA was that the unreported catch was distributed across divisions in the same proportions as the adjusted landings. However, an alternative approach which assumed that the 2001 unreported landings were distributed according to the population distribution resulted in significantly different estimates of harvest (Figure 6 ). In 2001, most of the harvest was reported in Division 1F (Table 2, Figure 3 ), whereas .45% of the population lived in the two northernmost divisions (1A and 1B). Related to this issue is the spatial trend of the 2001 harvest, with North American fish dominating in the north, a more equal split in terms of COO in the south, and on average a decrease in mean individual weight with northward progression (Tables 2 and 3) .
When allocating the unreported harvest according to population distribution in Greenland, the estimated contribution of fish of North American origin increased by 2.6 t, whereas the estimated contribution of salmon of European origin decreased by 2.1 t (Figure 6 ). This was caused by a shift in unreported landings from the south to the north, where the proportion of salmon of North American origin was higher and the average weight of fish lower. Harvest estimates for both CAN-and US-origin fish increased substantially. Estimates of COO in the Greenland harvest are primary inputs into international stock assessments (Chaput et al., 2005) , and estimates at the sub-COO provide national managers with vital information needed to evaluate the impact of this fishery on their national stock complexes, especially for endangered populations (Banks, 2005) . Clarification on the level and distribution of unreported catches is needed to permit more accurate estimation of different stock complex contributions to this fishery and their effect on the stock dynamics (ICES, 2005) .
Temporal trends were not considered within the PGA. The model could easily be modified to accommodate a time component, but this was not feasible with the data for 2000-2003. The low level of harvest coupled with modest sample sizes precluded investigating time trends in the catch. If stock abundance and harvests increase in future, exploration of the temporal nature of the harvest dynamics of continent and sub-COO might be possible and informative for these stock complexes.
Earlier tagging studies have indicated that all US-origin 2SW stocks migrate to Greenland (Meister, 1984; Baum, 1997) . Assuming that the US contribution to the harvest was proportional to adult returns allowed the PGA model to estimate the US contribution at the level of individual river or grouping of rivers. Given the positive correlation between geographic scale and genetic distance for populations of Atlantic salmon (King et al., 2001a) , and the experimental demonstration of genetic differences in phenotype expression (Obedzinski and Letcher, 2004; Sheehan et al., 2005) , the preferred method for estimating river-specific contributions would be through a third genetic assignment process. However, the Narraguagus and Machias River Atlantic salmon populations were used as the Penobscot River broodstock source for a large-scale stocking programme in the late 1960s (Baum, 1997; US Atlantic Salmon Assessment Committee, 2004) . Present-day Penobscot River Atlantic salmon are genetically similar to Narraguagus and Machias populations as a result, although a fair degree of genetic differentiation is still apparent (King et al., 2001a; Spidle et al., 2003) . The third genetic assignment step would require a secondary correction for misclassification, but river-specific classification accuracies would be lower than at the level of sub-COO and would require a larger correction factor. Improvements to the baseline dataset would improve the classification accuracies at both the subcontinent and river-specific levels of origin and hence minimize the correction required. Misclassification of Narraguagus-, Machias-, and Penobscot-origin salmon owing to their shared ancestry would still be expected, however. Given the issues related to misclassification and the assumption that all US-origin 2SW Atlantic salmon migrated to Greenland, the PGA approach for partitioning the US contribution to its subcomponents is appropriate.
The Greenland fishery exerted varying impacts on US stocks. For 3 of the 4 years studied, the lower range of the 90% confidence interval for spawner loss was zero, with a mean spawner loss estimated at 3.3% of the realized 2SW returns for the GOM DPS. However, in 2001, the estimated loss represented 46.7% of 2SW spawners (Table 6 ). This resulted from a coupling of increased landings and a slight increase in the proportion of US-origin salmon in the fishery (Table 4) .
By identifying the contribution of US-origin stocks to the West Greenland fishery, the impact the fishery is having on the resultant US spawner populations can be evaluated. The US stock complex is the weakest in this mixed-stock fishery, and estimates of the catch of US-origin fish provide managers with another tool to evaluate fishery impacts independent of the aggregated spawner conservation limits. Managers can then evaluate more accurately the risks of the fishery to individual river spawning stocks (Hansen et al., 2007) .
We have demonstrated that the PGA can be used to evaluate the impacts of any mixed-stock fishery on its constituent populations when fishery statistics and genetic data that accurately characterize the harvest of the contributing populations are available. The modelling approach is flexible enough to be applied in any MSA, given adequate input data. The PGA uses fishery statistics, biological characteristics data, genetic assignment data, and adult return statistics to estimate the number of fish contributing to the West Greenland Atlantic salmon mixed-stock fishery at varying spatial scales. Fishing effort, harvest level, and interannual differences in population substructuring of the catch are all factors that affect the impact of the mixed-stock fishery on local populations. Considering the decline in Atlantic salmon populations worldwide, management at finer scales is essential to help protect more depauperate populations. Genetics-based approaches have the potential to fill this need. Therefore, it is our opinion that future effort should be directed towards improving genetic baseline datasets. Serchuk (NOAA Fisheries Service), Steve Cadrin (NOAA/UMass Cooperative Marine Education and Research Program), and an anonymous reviewer provided patient and thoughtful reviews. Finally, we acknowledge the Hunters and Fishers of Greenland for working with the sampling teams and allowing access to their catch.
